Selfish genetic elements are pervasive in eukaryote genomes, but their role remains controversial. We show that qHMS7, a major quantitative genetic locus for hybrid male sterility between wild rice (Oryza meridionalis) and Asian cultivated rice (O. sativa), contains two tightly linked genes [Open Reading Frame 2 (ORF2) and ORF3]. ORF2 encodes a toxic genetic element that aborts pollen in a sporophytic manner, whereas ORF3 encodes an antidote that protects pollen in a gametophytic manner. Pollens lacking ORF3 are selectively eliminated, leading to segregation distortion in the progeny. Analysis of the genetic sequence suggests that ORF3 arose first, followed by gradual functionalization of ORF2. Furthermore, this toxin-antidote system may have promoted the differentiation and/ or maintained the genome stability of wild and cultivated rice.
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I dentifying so-called speciation genes that cause reproductive isolation is a central goal in evolutionary biology. Postzygotic reproductive isolation (PRI), embodied by hybrid sterility, inviability, or weakness, drives speciation and maintains species identity by restricting gene flow between populations (1, 2). The BatesonDobzhansky-Muller model postulates that hybrid reproductive isolation results from deleterious interactions among at least two loci from evolutionarily divergent populations (3) . Accumulating evidence suggests that selfish genetic elements (SGEs), DNA sequences that gain a transmission advantage relative to the rest of the genome, could drive genome evolution by causing hybrid incompatibilities and segregation distortion in different organisms (4) (5) (6) (7) (8) (9) (10) ; however, the role of SGEs in genome evolution and their underlying molecular mechanisms have remained obscure.
We performed quantitative trait locus (QTL) analysis of a backcross F 1 (BC 1 F 1 ) population derived from the cross between two highly divergent rice species-wild rice, O. meridionalis accession 82031 (Mer), and O. sativa ssp. japonica, Dianjingyou1 (DJY1)-and detected four major QTLs controlling hybrid male sterility (fig. S1, A and B). Of these, qHMS7 is located near several previously identified QTLs ( fig. S1C) .
To clone the causal gene(s) for qHMS7, we developed a near-isogenic line for qHMS7 (NILqHMS7) ( fig. S1D) . Intriguingly, the NIL-qHMS7 plant can only be maintained in a heterozygous status at the qHMS7 locus in the DJY1 background. Examination of the self-pollinated progeny of NIL-qHMS7 (BC 6 F 2 ) revealed a bimodal distribution for pollen fertility ( fig. S2 ). Genotyping revealed that the semi-sterile plants were of the DJY1/Mer genotype (D/M) and the fully fertile plants were of the DJY1/DJY1 genotype (D/D) at the qHMS7 locus. No Mer/Mer type (M/M) plant was detected. The seed-set rate of all 50 randomly selected plants was above 85% ( fig. S3 ), indicating that this locus did not affect female gametes and seed setting. These results suggest that qHMS7 acts as a single locus conferring male semisterility and that the Mer-type pollens were not transmissible to the progeny. This notion was further supported by a gametophytic transmission assay using three genetic populations of DJY1 and NIL-qHMS7 (table S1). Histological and cellular examination of various stages of pollens revealed that Mer-type pollens aborted before the tricellular stage in NIL-qHMS7 (Fig. 1, A to E, and figs. S4 to S7), possibly owing to defects in the second mitosis that produces tricellular mature pollen grains.
The gene(s) underlying qHMS7 locus was delimited to a 31.6-kb genomic interval by the use of a map-based cloning strategy ( fig. S8 and fig. S15 ), whereas ORF3 is localized to the mitochondria ( fig. S16) .
Hybrid sterility is often controlled by toxinantidote or killer-protector systems that subvert Mendel's law of segregation (12) Fig. 2  and table S4 ). These results indicate that ORF3 has a protective function for Mer-type pollen carrying it (thus acting in a gametophytic manner).
The selective abortion of Mer-type pollens in NIL-qHMS7 but not in Mer also suggests that the pollen killer is most likely encoded by the DJY1 allele(s) at the qHMS7 locus. Consistent with this notion, the T 2 progeny derived from selfed (M/M; ORF3/-) type T 1 plants segregated with an expected ratio of 1:2:1 for the genotypes (M/M; −/−), (M/M; ORF3/-) and (M/M; ORF3/ORF3), and they were all normally fertile ( fig. S17A and table S5 ). To identify the gene(s) encoding the predicted toxin, we individually transformed "ORF1 D ," "ORF2 S17 , B and C, and table S6). These observations suggest that ORF2 D has a pollen-killing function and acts in a sporophytic manner (i.e., the pollen-killing function is determined by the parental genotype). This notion was further supported by the observed normal pollen fertility in transgenic NIL-qHMS7 plants in which ORF2 D was knocked out via CRISPR-Cas9 ( fig. S18 ). To trace the evolutionary origins of ORF2 and ORF3, we compared genomic sequences among a diverse group of AA-genome rice species ( M might represent the ancestral sequence from the common ancestor(s) of AAgenome wild rice. The observation that all haplotypes of ORF2 N either lack the protective ORF3 or contain polymorphisms suggests that they should be nonfunctional in pollen killing, similar to ORF2 M . This notion was supported by the detection of putative QTLs for qHMS7 between DJY1 and different AA-genome species that carry ORF2 M or ORF2 N but lack ORF3 (table S8) . We further deduced that it is likely that ORF2 M gradually evolved into ORF2 N and later evolved into ORF2 D in some subpopulations of O. rufipogon through a multistep process (Fig. 3A and fig. S19 ). It should be noted that although the above data support such a gradual evolution model, the possibility of nonfunctional forms derived from functional ORF2 and ORF3 preexisting in the ancestors of wild rice (a degenerative model) cannot be completely excluded yet.
Our combined results suggest that the toxinantidote system encoded by ORF2 and ORF3 constitutes an SGE in rice that confers a transmission advantage to the ORF3-carrying male gametes ( fig. S20 ). In the hybrids of different types of wild rice and cultivated rice, pollens of the genotype (2M; -) or (2N; -) are aborted owing to the lack of protective ORF3 (table S8, Fig. 3B,  and fig. S20 ). Our results suggest that qHMS7 may play a role in promoting the differentiation and/or maintaining the genome stability of wild and cultivated rice by restricting gene flow between them. Further, the observed nearly complete male sterility of the DJY1 × Mer hybrid suggests that the combined action of qHMS7 and other hybrid incompatibility loci could effectively prevent gene flow between rice populations ( Fig. 1C and fig. S1B ). These findings are consistent with and in support of the proposition that SGEs may affect the formation of new species (13, 14) . RIPs are toxic RNA N-glycosidases that affect translation processes and have been implicated in apoptotic pathways in mammalian cells and antiviral, antifungal, and insecticidal activities in plants (11) . Recent studies also demonstrated that RIPs can induce apoptosis through mitochondrial cascade independent of translation inhibition (15) . The finding that ORF2 encoding a RIP domaincontaining protein localized to the nucleus and cytoplasm and that ORF3 encoding an antidote localized to the mitochondria reaffirms a critical role of mitochondria and possibly energy supply for male sterility regulation in plants (16) . Although the exact spatiotemporal interaction between the "toxin" and "antidote" remains to be elucidated, the identification of qHMS7 as an SGE regulating PRI in rice adds new evidence supporting a general role of such elements in eukaryote genome evolution and speciation. Notably, several previously reported genes (such as S5, Sa, and Sc) regulating PRI in rice also embody characteristics of SGEs (7, 8, 10, 17) . As wild rice is an important germplasm resource for hybrid rice breeding, our findings may also offer approaches to overcome male sterility in wild rice-cultivated rice hybrids, thus facilitating utilization of the strong hybrid vigor. In addition, a toxin-antidote system might be modified to fend off infestations of weedy rice, which causes economic losses and poses a threat to ecosystems and biodiversity. Thus, continued efforts to identify SGEs and elucidate their mechanisms have important implications in agriculture. Fig. 3 
